To translate the 13 mtDNA-encoded mRNAs involved in oxidative phosphorylation (OXPHOS), mammalian mitochondria contain a dedicated set of ribosomes comprising rRNAs encoded by the mitochondrial genome and mitochondrial ribosomal proteins (MRPs) that are encoded by nuclear genes and imported into the matrix. In addition to their role in the ribosome, several MRPs have auxiliary functions or have been implicated in other cellular processes like cell cycle regulation and apoptosis. For example, we have shown that human MRPL12 binds and activates mitochondrial RNA polymerase (POLRMT), and hence has distinct functions in the ribosome and mtDNA transcription. Here we provide concrete evidence that there are two mature forms of mammalian MRPL12 that are generated by a two-step cleavage during import, involving efficient cleavage by mitochondrial processing protease and a second inefficient or regulated cleavage by mitochondrial intermediate protease.
To translate the 13 mtDNA-encoded mRNAs involved in oxidative phosphorylation (OXPHOS), mammalian mitochondria contain a dedicated set of ribosomes comprising rRNAs encoded by the mitochondrial genome and mitochondrial ribosomal proteins (MRPs) that are encoded by nuclear genes and imported into the matrix. In addition to their role in the ribosome, several MRPs have auxiliary functions or have been implicated in other cellular processes like cell cycle regulation and apoptosis. For example, we have shown that human MRPL12 binds and activates mitochondrial RNA polymerase (POLRMT), and hence has distinct functions in the ribosome and mtDNA transcription. Here we provide concrete evidence that there are two mature forms of mammalian MRPL12 that are generated by a two-step cleavage during import, involving efficient cleavage by mitochondrial processing protease and a second inefficient or regulated cleavage by mitochondrial intermediate protease.
We also show that knock-down of MRPL12 by RNAi results in instability of POLRMT, but not other primary mitochondrial transcription components, and a corresponding decrease in mitochondrial transcription rates. Knock-down of MRPL10, the binding partner of MRPL12 in the ribosome, results in selective degradation of the mature long form of MRPL12, but has no effect on POLRMT. We propose that the two forms of MRPL12 are involved in homeostatic regulation of mitochondrial transcription and ribosome biogenesis that likely contribute to cell cycle, growth regulation, and longevity pathways to which MRPL12 has been linked.
Although mitochondria have long been appreciated for their role in metabolism, ATP production by the process of oxidative phosphorylation (OXPHOS), 6 and generation of reactive oxy-gen species, they are also important signaling organelles, involved in controlling apoptosis, ion homeostasis, and immune responses (1) (2) (3) (4) (5) (6) . Because of their multifactorial nature, it is perhaps not surprising that mitochondria are implicated in many human diseases and age-related pathology (7) (8) (9) . Critical to their function is the maternally inherited mitochondrial DNA (mtDNA) that resides in the matrix and encodes 13 essential OXPHOS subunits, as well as two rRNAs and 22 tRNAs needed for translation of the corresponding mRNAs by dedicated mitochondrial ribosomes (10, 11) . The remaining ϳ1,200 mitochondrial proteins are encoded by genes in the nucleus and imported into the organelle, including ϳ70 additional OXPHOS proteins, and those required for mitochondrial gene expression (i.e. transcription, RNA processing, and translation) (12) (13) (14) . An interesting subset of the latter is the mitochondrial ribosomal proteins (MRPs), which are imported into mitochondria to assemble with the mtDNA-encoded rRNAs to carry out mitochondrial translation. While mitochondrial ribosomes resemble their ancestral bacterial counterparts, they also possess unique proteins and features not found in bacterial or cytoplasmic ribosomes (15) .
Several direct connections between mitochondrial ribosomes and the primary mitochondrial transcription machinery exist. For example, we showed MRPL12 activates transcription by binding directly to POLRMT, the single-subunit mtRNA polymerase, in complexes distinct from those with TFB2M involved in transcription initiation (16, 17) . In addition, POLRMT has a transcription-independent role in mitochondrial ribosome biogenesis (18) . However, the precise functional relationships between the mitochondrial transcription machinery and ribosome biogenesis are largely unknown.
The Escherichia coli ortholog of MRPL12 exists as two forms (originally called L7 and L12) that differ by the presence or absence of an N-terminal acetyl group and exist as a multimer in the ribosome bound to MRPL10 (19) . In mammalian mitochondria, MRPL12 dimers are bound to the ribosome (20) . We and others have observed two forms of mammalian MRPL12 in Western blots, which appear to differ in size by more that can be accounted for by the presence and absence of N-terminal acety-lation (16, 21) . In this report, we investigated how these two forms of human MRPL12 are generated and whether they have different functional properties.
Experimental Procedures
Expression Plasmids-The pINCY plasmid containing the cDNA sequence of MRPL12 was purchased from Open Biosystems. This was used as a template for PCR of the MRPL12 ORF using primers that introduced a consensus Kozak sequence upstream of the MRPL12 start codon. The product was ligated into pCIneo (Promega). HA-tagged POLRMT has been described previously (16) .
Cell Culture, Transfections, and RNAi-Human HEK293 and HeLa cells, and mouse embryonic fibroblasts were cultured in DMEM supplemented with 10% fetal bovine serum (FBS) (v/v) (Gibco). HEK293 cells were transfected with MRPL12 expression plasmids as follows. Cells (4 ϫ 10 6 in 10 ml of DMEM) were plated in a 10-cm dish ϳ3 h preceding the transfection. Plasmid DNA (7 g, see above for plasmid details) was diluted in 1 ml of OptiMEM (Gibco) to which 21 g of PEI was added and incubated for 15 min at room temperature. This mixture was added to the cells, which were then placed at 37°C in a CO 2 incubator for 24 h before harvesting the cells.
RNA interference was done in several ways. To achieve transient knockdown, a few hours preceding transfection, cells (4 ϫ 10 5 ) were seeded in 2 ml of DMEM supplemented with 10% FBS per well in 6-well plate. Cells were transfected with the desired siRNA duplex in the presence of 5 l of RNAimax Oligofectamine (Invitrogen) and OptiMEM to achieve a final concentration of 10 nM duplex in a total volume of 2.5 ml. The siRNA duplexes used were: MRPL10#1, 5Ј-GCUUAUCAACU-ACUCCAAGCUCCC-3Ј and MRPL10#2, 5Ј-CCUCCAGAC-UGUCCGCUAUGGCUCC-3Ј; MRPL12#1, 5Ј-ACGUUGGA-AGAUCCAGGAUGUCGGGC-3Ј and MRPL12#2, 5Ј-UCAA-GAACUACAUCCAAGGCAUCAA-3Ј; POLRMT, 5Ј-AGAU-ACUGGAGAAGGAUAAGCGGAC-3Ј; MIP#1, 5Ј-CUGGU-AGAACUUGGAAUAAAUAATT-3Ј and MIP#2, 5Ј-GCAAU-GAUUAUCGAGUAGUUAACC-3Ј. For sucrose density-gradient fractionation experiments, the format was scaled up to a 10-cm dish. Cells were harvested 72 h after siRNA transfection. To achieve stable knockdown, two different MRPL12 target sequences (#1, 5Ј-GCCTCACTCTCTTGGAAAT-3Ј; and #2, 5Ј-TCAACGAGCTCCTGAAGAAA-3Ј) were cloned into pLKO.1 vector (Addgene), and lentiviral particles were packaged using 293FT cells (Invitrogen). Infected HeLa cells were selected with 0.5 g/ml of puromycin and harvested after 7 days of treatment.
Protein Sequencing-A confluent culture of HEK293 cells transfected with the human HA-tagged MRPL12 was harvested and lysed in Nonidet P-40 lysis buffer (50 mM Tris, pH 7.5, 1% Nonidet P-40, 120 mM NaCl, 1 mM EDTA, 10% glycerol) containing protease inhibitor mixture (Roche). Cell lysate (2 mg) was subjected to immunoprecipitation using 20 l of anti-HA antibody (slurry from Pierce) covalently bound to magnetic beads (Thermo Scientific) for 4 h. Postincubation, the beads were washed three times with 1ϫ TBST buffer, then boiled in 40 l of 2ϫ Laemmli buffer at 100°C for 5 min. The eluate was loaded onto a 15% SDS-PAGE gel capable of separating the mature long and short forms of MRPL12 and then transferred onto a PVDF membrane (Bio-Rad). The PVDF membrane was stained with Ponceau S and the band of interest (short or long form of MRPL12) was cut out and destained in water several times. The dried membrane was submitted to the Tufts University Core Facility for Edman N-terminal protein sequencing.
Western Blotting-For Western analysis, 20 -80 g of protein were loaded on a 12% Tris glycine SDS gel. After electrophoresis, proteins were transferred to a 0.45-m PVDF membrane (Millipore). The following primary antibodies were used for immunodetection: rabbit anti-MRPL12 and anti-MRPS18B polyclonal (14795-1-AP and 16139-1-AP, Protein Tech), rabbit anti-MRPL10, anti-MRPL28, anti-MRPL45, and anti-MRPS10 polyclonal (HPA021234, HPA030594, HPA023373, and 
CGCAGCTAGGAATAATGGAATAGG CATGGCCTCAGTTCCGAAA HPA029134, Sigma), rabbit anti-POLRMT, rabbit anti-HA (ab32988 and ab9110, Abcam), mouse anti-GAPDH monoclonal (AM4300, Ambion), and rabbit anti-TFAM polyclonal and anti-TFB2M polyclonal (provided by Dr. Craig Cameron). Secondary antibodies for ECL detection were peroxidase-conjugated anti-mouse or anti-rabbit IgGs (Jackson Laboratory). The signal was generated using Luminata Crescendo reagent (Millipore) and captured on x-ray film or chemiluminescence imaging. As documented by the manufacturer, the POLRMT antibody detects a nonspecific, cross-reacting band that migrates to a position above POLRMT in some of the blots (e.g. see Fig. 3C ).
Quantitative RT-PCR-Total RNA was isolated from cells with the RNeasy Mini plus kit (Qiagen). Trace amounts of genomic DNA contamination were removed by treatment with DNase I (Roche). Reverse transcriptase (RT) reactions were performed on 1000 ng of total RNA and with the high-performance cDNA transcription kit (Applied Biosystems). The resulting cDNA was then used for quantitative PCR with Fast SYBR Green Master Mix (Applied Biosystems) and gene-specific primers using a ViiA7 Real-time PCR system (Life Tech-nologies). Target genes were normalized relative to 18S or GAPDH cDNA levels (as indicated in figure legends) and calculated using 2-⌬⌬C t method. Experimental samples were normalized to nonspecific RNAi (e.g. shGFP) or non-transfected cells, which were given a value of 1.0.
Pulse Labeling of Mitochondrial RNA with 4-Thiouridine-Seven days after viral-mediated MRPL12 knock-down, HeLa cells were pulse-labeled with 0.2 mM 4-thiouridine (4-TU, Sigma) for 30 min. As a uridine analog 4-TU is incorporated into newly synthesized RNAs, but also has the unique property that it can be conjugated to HPDP-biotin via a disulfide linkage for purification. After 4-TU labeling, cells were collected and total cellular RNA was isolated using the RNeasy Plus Mini Kit from Qiagen. For each RNA sample, 5.5 g of total RNA was labeled with HPDP-biotin (Sigma, 2 l/g of RNA) at 25°C for 3 h. The biotinylated RNA samples were then precipitated to remove excess HPDP-biotin and resuspended in water. Biotinylated RNA was isolated from these samples using streptavidin-conjugated agarose beads (Millipore). Samples were incubated with the agarose beads in isolation buffer (100 mM The precursor contains the mitochondrial localization signal (black) that is efficiently cleaved by MPP to generate the mature long form. A second cleavage by MIP generates the mature short form (gray region is removed). We propose this second MIP cleavage is inefficient or regulated, which allows the mature long and short forms to accumulate. JANUARY 8, 2016 • VOLUME 291 • NUMBER 2
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Tris-HCl, pH 7.4, 1 M NaCl, and 10 mM EDTA) for 2 h, and then washed several times to remove unbound RNA. The newly synthesized biotinylated RNA was eluted from agarose beads using 5% 2-mercaptoethanol to break the disulfide linkage, and then precip-itated and resuspended in water (to concentrate the sample). Parallel vehicle control (dimethyl sulfoxide) samples that were collected and analyzed by quantitative PCR did not show any signal. This method was adapted from that developed by others (22, 23) .
The entire isolated biotinylated RNA sample was used to generate cDNA with the High Capacity cDNA RT kit (Applied Biosystems). The cDNA was then used for quantitative PCR with Fast SYBR Green Master Mix (Applied Biosystems) and primers (Table 1) using the ViiA7 Real-time PCR system (Life Technologies). Mitochondrial transcripts were normalized to 18S cDNA levels, and calculated as a relative gene expression value using the 2-⌬⌬C t method. Experimental samples were normalized to nonspecific RNAi (e.g. shGFP) or non-transfected cells, which were given a value of 1.0.
Other Methods-Immunoprecipitation and sucrose gradient fractionation were performed as described previously (16) .
Results
Two Forms of MRPL12 Protein Exist in Human and Mouse Cell Lines and Tissues That Are Not Derived from Alternative
Splicing-Two forms of MRPL12 have been observed by Western blot in previous studies (16, 21) . However, because there is some variability within and between studies, it is not clear if these are conserved and reproducible. Thus, we first endeavored to determine whether two forms of the protein are detected in different mammalian cell lines and in mouse tissues. As shown in Fig. 1A , we can detect two forms of MRPL12 by Western blot in human HEK293 and HeLa cells, mouse embryonic fibroblasts, and in multiple mouse tissues.
One possibility is that the longer form of MRPL12 simply represents the lack of cleavage of the mitochondrial localization sequence (MLS). To test this, we treated cells with CCCP (to uncouple respiration and inhibit mitochondrial protein import and cleavage). Higher levels of CCCP resulted in the appearance of a third higher molecular weight band (Fig. 1B) that we interpret to be the precursor of MRPL12 with the MLS. Hence, under normal circumstances the longer form of MRPL12 is not due to lack of cleavage of the MLS.
Existing sequence databases do not predict any obvious alternative splice-site variants that would explain the two forms of MRPL12. Consistent with this, we observed the same two mature forms of the protein when we transfected HEK293 cells with an expression vector that encodes a full-length, HA-tagged cDNA (Fig. 1C) . Here, we also observe the precursor with the MLS not cleaved (the slowest migrating band also observed in CCCP treated cells), which is a common artifact of overexpression of mitochondrial proteins.
The Two Forms of MRPL12 Are Generated by Differential Two-step Proteolytic Cleavage-Many nucleus-encoded, mitochondria-targeted proteins are processed by proteolytic cleavage of the mitochondrial-targeting sequence during import by the mitochondrial processing protease (MPP) (24) . A subset of these is subsequently cleaved by the mitochondrial intermedi-ate protease (MIP). This two-step cleavage can be predicted to some degree by amino acid motifs, the most employed for 2-step processing is the R-10 motif: R-X2(F/L/I)-X-X-(T/S/G)-X-X-X-X2 (25, 26) . This sequence motif can clearly be identified in the mouse MRPL12 precursor, but not in human ( Fig.  2A) . Nonetheless, we predict that human MRPL12 contains a degenerate or structural analog of this two-step cleavage motif. Furthermore, we hypothesized that the two forms of MRPL12 are generated by differential processing by MIP and MPP. To test this, we knocked down MIP by siRNA in HeLa cells. Using two different targets we observed efficient knock-down of MIP at the RNA level ( Fig. 2C) and accumulation of the mature long form of MRPL12 protein (Fig. 2B) , which is consistent with MRPL12 being subject to 2-step cleavage, with the short form of MRPL12 being generated from the long form by MIP cleavage ( Fig. 2D ). MIP knockdown did not result in decreased expression of MRPL12 RNA or the mtDNA-encoded ND1 RNA (Fig. 2C) . Apparently, MIP knock-down did not affect MPP cleavage because the precursor with the MLS was not observed and the mature long form accumulated.
Next we sought direct evidence for the two-step cleavage model by attempting to sequence the N terminus of the mature long and short forms of MRPL12. We were able to immunopurify HA-tagged mature long and short forms of the protein and send them for Edman N-terminal sequencing. This analysis defined the N terminus of the mature short form as XEALA, which matches CEALA at the MIP cleavage site we predicted by sequence analysis ( Fig. 2A) . Unfortunately, we were not able to obtain the N-terminal sequence of the mature long form by this or mass spectrometry analysis, presumably because it was blocked/modified in some way. However, knowing the precise MIP cleavage site makes it likely that the predicted MPP cleavage site is close to where we propose ( Fig. 2A) , as it now precisely fulfills the R-10 rule and this site is predicted using two bioinformatics programs, MitoFates and Target P. The three MRPL12 protein forms (precursor, mature long, and mature short) are diagrammed in Fig. 2D and this nomenclature is used throughout the rest of this report.
The Stability of POLRMT Is Regulated by MRPL12-MRPL12 binds POLRMT directly and activates mitochondrial transcription in vitro, and its knock-down results in decreased mtDNA transcripts in cultured cells (16, 17) . However, the precise mechanisms involved in vivo are not clear. New insight was gained when we probed the steady-state protein levels of the primary mitochondrial transcription machinery after MRPL12 was knocked down by shRNA or siRNA. That is, we found that POLRMT was significantly reduced (Fig. 3, A and C) , whereas the levels of TFAM and TFB2M were largely unaffected ( Fig.   FIGURE 3 . MRPL12 knock-down leads to instability of POLRMT and reduced mitochondrial transcription. A, Western blot analysis of MRPL12, POLRMT, TFB2M, TFAM, and Actin (loading control) in HeLa cells transfected with a control shRNA (lanes 1 and 2, shGFP) or two different shRNAs against MRPL12 (lanes  3 and 4, shMRPL12 #1; lanes 5 and 6, shMRPL12 #2) . B, relative amount of newly synthesized mitochondrial RNA determined by 30-min labeling with 4-TU (see "Experimental Procedures") in HeLa cells transfected with a control shRNA or two different shRNAs against MRPL12 shMRPL12 #1 and shMRPL12 #2. 3A). Consistent with decreased POLRMT, there was a significant reduction in the rate of transcription of mtDNA-encoded RNAs (Fig. 3B ) assayed using a 4-TU pulse labeling strategy (see "Experimental Procedures"). Knock-down of MRPL12 did not result in a reduction of POLMT mRNA (Fig. 3C) , indicating down-regulation is occurring via a post-transcriptional mechanism. Knock-down of POLRMT does not drastically effect MRPL12 expression at the protein or mRNA level (Fig. 3C) .
Perturbing Assembly of MRPL12 into Ribosomes Results in Loss of the Mature Long Form-In an attempt to determine whether the two forms of MRPL12 have distinct roles, we designed a strategy to disturb the assembly of MRPL12 into mitochondrial ribosomes by knocking down MRPL10, its binding partner in the large subunit. Remarkably, MRPL10 knockdown in HEK293 cells by siRNA resulted in specific loss of the mature large form of MRPL12 (Fig. 4A ). This was not accompanied by a reduction of POLRMT or another mitochondrial ribosomal protein, MRPS18 (Fig. 4A ). Immunoprecipitation of MRPL12 under these conditions resulted in co-immunoprecipitation of POLRMT, demonstrating that the mature short form of MRPL12 binds to POLRMT under these circumstances (Fig. 4B) . The mRNA level of MRPL12 and mtDNA-encoded transcripts are not affected by MRPL10 knock-down (Fig. 4C ). This indicates that loss of the mature large form of MRPL12 under these conditions is occurring by a post-transcriptional mechanism and is consistent with POLRMT being unaffected. Finally, as predicted, knock-down of MRPL10 did affect mitochondrial ribosome assembly as assessed by sucrose gradient analysis followed by probing for components of the small subunit (MRPS18 and MRPS10), which shifted significantly from fraction 7 to fraction 6, and large subunit (MRPL28, MRPL45 and MRPL48), which shifted from fractions 9, 10, and 11 to fractions 7 and 8 (Fig. 4D ). However, this did not affect the migration of the mature short form of MRPL12 in the lower density fractions where POLRMT also resides (Fig. 4D ).
Discussion
This study provides the first concrete evidence that two forms of MRPL12 exist in mammalian mitochondria. Based on our results, we propose that mature "long" and "short" forms of MRPL12 are generated by differential proteolysis by the MPP and MIP proteases during import (Fig. 2D) . That is, the initial precursor containing an N-terminal mitochondrial localization signal is cleaved first by MPP to generate the mature long form, followed by inefficient (or regulated) subsequent cleavage by MIP, which allows both forms to accumulate in the matrix. The strongest evidence for this is the accumulation of more of the mature long form when MIP is inhibited by siRNA ( Fig. 2B ) and our mapping of the MIP cleavage site (i.e. the N terminus of the mature short form) by Edman N-terminal sequencing ( Fig. 2A) . How the second MIP cleavage is prevented in a subset of molecules to allow accumulation of the long form under normal circumstances is unclear, but altered folding conformations of the protein near the cleavage site or post-translational modifications that inhibit cleavage are two possibilities. That MRPL12 might be acetylated by SIRT3 (27) is an interesting possibility to consider in this regard. Regardless of the mechanism, generation of alternative mature forms via differential, two-step processing may be a general mechanism to allow production of multiple forms of mitochondrial matrix proteins destined to perform different functions. This is especially worth considering given the large number of mitochondrial proteins subjected to cleavage upon import based on yeast proteomic studies (24) . Incidentally, these studies show that both the putative yeast ortholog of MRPL12 (YGL068W) and MRPL10 are cleaved upon import and that the latter is a substrate of a yeast MIP (24) .
Our results also indicate that the long and short forms of MRPL12 have distinct properties and/or functions. One striking result is the severe down-regulation of POLRMT when MRPL12 is knocked down (Fig. 3, A and C) . This does not involve a down-regulation of POLRMT mRNA (Fig. 3C) , thus it is occurring by a post-transcriptional mechanism. Using a 4-TU pulse labeling strategy, we found that mitochondrial transcription rates were significantly reduced in MRPL12 knockdown cells (Fig. 3B) , consistent with reduced POLRMT observed and similar to the ϳ50 -60% reduction of steady-state transcripts we reported previously (16) . Although it may seem surprising that such a severe reduction of POLRMT leads only to a 50 -60% reduction in mtDNA transcription, this result is actually consistent with our previous studies showing that the mitochondrial transcription machinery is in excess of that needed to maintain normal transcriptional output (28) . Furthermore, similar results were obtained by Bralha et al. (29) and Wolf and Mootha (30) who inhibited POLRMT directly, with the latter study providing some evidence for an RNA stabilization mechanism that is engaged when POLRMT levels are severely decreased. We are currently optimizing the 4-TU labeling method with even shorter incubation times (Ͻ30 min) to allow pulses of newly synthesized RNA to be measured. This should be generally useful for the field, in which inferences about mitochondrial transcriptional regulation in vivo have relied largely on measurements of steady-state RNA levels or in organello labeling strategies.
Although the instability of POLRMT was observed when both forms were knocked down with MRPL12-directed siRNA, knock-down of MRPL10 (the binding partner of MRPL12 in the mitochondrial ribosome) resulted in specific depletion of the long form of MRPL12 (Fig. 4A ). Under these circumstances, POLRMT was unaffected, which suggests the mature short form of MRPL12 somehow stabilizes POLRMT in the absence of the large form. This is consistent with the results of the coimmunoprecipitation experiments that show the short form still binds to POLRMT under these circumstances ( Fig. 4B ) and with sucrose gradient fractionations that show the short form still migrates in lower density fractions containing POLRMT (Fig. 4D) , which we showed previously contain transcriptionrelated complexes (16) . However, we observe both forms of MRPL12 in transcription complexes and ribosomes (16) , so the precise relevance of their relative distribution in these higherorder assemblies remains to be determined, which could even involve mixed multimers of MRPL12.
It will be interesting to determine what destabilizes POLRMT in the absence of MRPL12. It is tempting to speculate that MRPL12 somehow protects POLRMT from proteasemediated degradation, perhaps by Lon, which conditionally degrades TFAM (31), another member of the primary transcription machinery. Similarly, disruption of ribosome biogenesis leads to the specific degradation of the mature long form of MRPL12, which could also involve Lon or some other regulated protease. Interestingly, cleavage of proteins by MIP often removes destabilizing amino acids that remain after MPP cleavage (32) . Hence, lack of removal of N-terminal residues by MIP may make the mature long form of MRPL12 a better substrate for regulated proteolysis by other enzymes. That this intricate system of regulated proteolysis may be part of a larger homeostatic mechanism to coordinate import, transcription, and ribosome biogenesis to ensure proper mitochondrial OXPHOS function is intriguing to consider going forward. For example, perhaps the absence of fully processed MRPL12 (i.e. none of the short form) is a warning signal that MIP function is compromised and that mitochondrial transcription should be halted via POLRMT degradation to prevent further OXPHOS complex formation under these adverse conditions.
MRPL12 was the first human mitochondrial ribosomal subunit cloned based on its mRNA expression being positively regulated by growth factors (33) . Similarly, Drosophila MRPL12 is required for cyclin-dependent growth signaling (34) . Last, an in silico study identified MRPL12 as one of a small set of interacting genes that might be responsible for the longevity-promoting effects of caloric restriction (35) . We speculate that the dynamic nature of the two forms of MRPL12 and the instability of POLRMT when MRPL12 levels are perturbed might contribute to these unique properties. Several other mitochondrial ribosomal proteins have been implicated in other cellular functions like cell cycle regulation and apoptosis (36) . Based on the MRPL12 paradigm, it will be important to determine whether multiple forms of these are involved in mediating their diverse activities. 
